The symptoms of a growth disorder of cotton and associated properties of the soil were quantified. Data were collected from 35 sites across two irrigated fields that showed gradients in the severity of early season stunting of cotton. Ordination analysis of soil characteristics distinguished three groups of sites (A, B, and C) which corresponded to patterns of yield and early season growth. Group A and B soils had lower pH, finer texture and higher P, Zn, Mn and exchangeable Mg, K and Na than group C soils. Early season growth and arbuscular mycorrhizal colonisation of cotton at group A and B sites was much slower than at group C sites. Group B sites showed a recovery of yield later in the season while group A sites did not. Nutrient deficiencies, waterlogging, soil compaction, soil sodicity and Mn toxicity were unlikely causes of early season stunting, although soil Mn was a good predictor for the disorder. Thielaviopsis basicola, Verticillium dahliae and unidentified Chytridiomycetes were not associated with stunting and reduced yield, although other fungal pathogens may have been present. Root browning was a symptom of the disorder and suggests that pathogens, perhaps bacteria, play a causal role. This study showed that the growth disorder involved an interaction between cotton and the soil flora which was associated with heavy soil texture.
Introduction
A growth disorder of cotton (Gossypium hirsutum L.) has been observed by farmers and agronomists in irrigated cracking grey clay soils (Vertisols) in cotton growing regions of northern New South Wales (NSW). The disorder was first observed in fields adjacent to Galathera Creek near the town of Narrabri. The condition has since been found in other areas. Affected plants were stunted and grew slowly during the first half of the season and yielded poorly. Severely affected plants had lower phosphorus content, inadequate zinc content (as low as 9 mg kg -I in young leaves) and showed visual symptoms of zinc deficiency (G A Constable, pers. commun.) . Gradients in severity of the stunting occurred within individual fields. Cotton farmers have observed that growth of stunted plants * FAX No: +61 67931186 improved in mid-season but too late for substantial recovery of yield.
A number of biological and non-biological agents or conditions could be responsible for reduced cotton growth. Cotton grown in Vertisols is subject to N deficiency or P and Zn deficiency when pH is high (Hodges, 1992) . Waterlogging (Hodgson, 1982) and soil compaction (McGarry and Chan, 1984) can cause reduced growth and yield of cotton. The soil in areas with stunted cotton appeared to have a heavier texture which may have increased the tendency for waterlogging or compaction to occur.
Biological causes of stunting include pathogens, pests and the absence of symbionts. Pathogens that can cause stunting of cotton include Verticillium dahliae Kleb. (Bell, 1992) , Thielaviopsis basicola (Berk. and Br.) Ferr. (Allen, 1990 ) and other seedling pathogens such as Rhizoctonia solani Ktihn, Pythium ultimum Trow . These pathogens all occur in cotton growing regions of northern NSW (Allen, 1990; Evans, 1967; Ogle et al., 1993) . Nematodes cause stunting of cotton in many regions of the world (Bridge, 1992) but there are no reports of nematode problems in Australian cotton. Cotton is a mycorrhizal plant. Several studies have shown that arbuscular mycorrhizal fungi can promote cotton nutrient uptake and growth (Price et al., 1989; Rich and Bird, 1974; Smith and Roncadori, 1986) . Rich and Bird (1994) found that cotton was ubiquitously mycorrhizal in Georgia and other areas of the USA. In Australia, we have found that cotton growing in the field was always colonised by arbuscular mycorrhizal fungi. In the present study, preliminary observations in November 1990 showed that mycorrhizal colonisation in roots of stunted cotton (site 35, Fig. 1 ) was 6.4%, whereas roots of larger cotton at the other end of the same field (site 23, Fig. 1 ) were 30.7% mycorrhizal. This suggests that the stunting may be caused by a lack of mycorrhizal colonisation. Cultural practices that are potential causes of reduced mycorrhizal development include the application of fertilisers and pesticides, soil disturbance and cropping sequence (Johnson and Pfleger, 1992) . Cropping sequences are important because arbuscular fungi are obligate symbionts and cannot grow saprophytically. Long bare fallows or rotation with non-mycorrhizal plants can reduce numbers of arbuscular fungi in the soil by depriving the fungi of a host (Johnson and Pfleger, 1992) . In long fallow disorder, crop growth is decreased by reduced mycorrhizal colonisation following a fall in numbers of arbuscular fungi during bare fallow (Thompson, 1994) . Long fallow disorder was reported in cotton in the USA (Smith et al., 1989) and in Australia (Brown et al., 1990) . In the growth disorder reported here there was no obvious explanation for the reduced levels of mycorrhizal colonisation in stunted cotton.
The objective of the study reported in this paper was to quantify symptoms of the growth disorder and relate them to characteristics of the soil so that potential causes might be identified. To achieve this, observations were made across known gradients in severity of the disorder.
Materials and methods

Location of sites
All measurements of cotton growth parameters and of properties of the soil were made at sites 100 m apart along transects of two irrigated cotton fields at the Narrabri farm of Auscott Ltd (fields 18 and 20, Fig. 1 ). Sampling sites were given numeric labels on a purely nominal basis. Permanent marking of site positions was prevented by cultivation between crops. Therefore, at the start of each season the sites were reinstated using a Hip-chain® (Topometric Products Ltd, Vancouver, Canada) with an error of less than 0.5%. Due to this error the positions of sites in the centre of the transects varied by up to 3 or 4 m from year to year. In the fields studied, cotton was sown in rows 1 m apart in 2 m wide beds. To be consistent, measurements of cotton growth and soil samples were always taken from the northern row of a bed. In this paper the date of a cotton season is the year of sowing (usually in October) even though yield measurements were made in March of the following year. In 1991, fields 18 and 20 were sown with the cotton cultivars 'Sicala 33' and 'CS 189' respectively on 15 and 11 October respectively. In 1993, fields 18 and 20 were sown with the cotton cultivar 'CS 189+' on 29 and 30 September respectively.
Plant harvests
During the 1991 season, measurements of the height to the growing tip of 20 cotton plants were taken in a non-destructive manner at 35 sites (Fig. I) . These plants were on the western side of a peg placed in the ground at each site. Values reported are the mean of the twenty plants examined. Destructive samples of cotton shoots and roots were made on the eastern side of each site peg to avoid disturbing the plants measured non-destructively. To obtain root samples, two soil cores (200 mm deep by 40 mm wide) were taken from directly beneath cotton plants of similar size to those measured non-destructively. The soil cores and the shoots of plants from above the cores were bulked for analysis (one replicate at each site). No observations were made during the 1992 season because fields 18 and 20 ( Fig. 1) were sown with a green manure crop, Lablab purpureus (L.) Sweet.
During the 1993 season destructive measurements were made on three replicate lots of 10 cotton plants growing in rows at 0 and 2 m north and south of the peg at each site. Shoot height values in each replicate were the mean of the ten plants. The ten plants were bulked within each replicate before dry matter and nutrient determinations. Three soil cores were taken from beneath each replicate lot of ten plants after the shoots were harvested. The three cores within each replicate were bulked before washing roots. After bolls were harvested the stems were cut near ground level and scored for the presence of vascular discolouration caused by V. dahliae.
In both seasons soil cores were soaked in a 0.5% solution ofCalgon® (a.i. sodium hexametaphosphate) to aid dispersion before collecting roots on a 500 #m sieve. Roots were cut into sections approximately 1 cm long and stored in 50% ethanol. The percentage of roots with brown discolouration in the outer cells of the cortex was assessed using the gridline intersect method of Giovannetti and Mosse (1980) . Roots were then stained by the method of Koske and Gemma (1989) modified by the use of 10% KOH solution to clear the roots and 2% HC1 solution to acidify the roots prior to staining for 20 minutes. The length of roots colonised by fungi was assessed by scoring root-gridline intersects (Giovannetti and Mosse, 1980) for the presence of arbuscules of mycorrhizal fungi, chlamydospores of T. basicola or the sporangia of unidentified Chytridiomycete fungi.
Harvested shoots were oven dried (80 °C) for 48 hours before their dry mass was recorded. Harvested bolls were oven dried for longer periods until moisture loss ceased. Boll mass is expressed as g m -I of row. Shoots used for tissue analysis were washed in tap water, rinsed twice in deionised water and rinsed once in distilled water. In the 1993 season the two youngest tully expanded leaves and the remainder of shoots were then dried separately as above. When plants had two main shoots the youngest fully expanded leaf from each shoot was used. Shoot nutrient contents were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) after a sealed chamber digest in HC104 and H202 (Anderson and Henderson, 1986) .
Soil properties
Soil samples were collected at each site on 13 October, 1992. There were three replicate samples at each site, taken from rows at 0 and 2 m north and south of centre of each site. Each replicate soil sample consisted of three soil cores (200 mm deep by 40 mm wide) taken within 50 or 60 mm of each other in the centre of the cotton row. The coring positions of individual replicates were occasionally moved by up to 2 m along the row to avoid crop residue which had been concentrated on the soil surface by movement of water in the furrows.
Air dry soil samples were passed through a hand operated jaw crusher (10 x 65 mm aperture) and split in a riffle sample divider with slots 12.5 mm wide. One split was used to determine the water holding capacity of the crushed soil by placing soil in a vertical transparent perspex tube, adding sufficient distilled water to saturate at least half the soil and sampling for moisture content in the centre of the wet soil after equilibration for 48 h. The other split was passed through a 2 mm sieve and used in the following analyses.
Sodium bicarbonate extractable P was determined on an autoanalyser using the malachite green technique of Irving and McLaughlin (1990) after a 16 h extraction (Colwell, 1965) . Diethylenetriaminepenta-acetic acid (DTPA) was used to extract Zn and Mn for determination by atomic absorption spectrophotometry (Lindsay and Norvell, 1978) . Total P and S were determined by ICP-AES after digestion in a mixture of potassium dichromate, perchloric acid, nitric acid and bromine (Till et al., 1984) . Total C and N were determined by mass spectrometry of gases evolved from dry combustion of 0.04 to 0.05 g of finely powdered soil in an automatic catalytic combustion system. Soil samples from a range of sampling sites were tested qualitatively for the presence of carbonates by addition of 10% hydrochloric acid and observation of effervescence (Hodgson, 1976) . Cation exchange capacity (CEC), of these base saturated soils (pH within the range 8.0 to 8.8), was calculated as the sum of exchangeable Na, Ca, K and Mg determined by atomic absorption spectrophotometry after equilibration of the soil in 1.0 M NH&l solution (pH 7.0) for one hour with mechanical shaking (Rayment and Higginson, 1992) . Particle size was determined by a pipette method (Day, 1965) . Electrical conductivity and soil pH were measured in a 1:5 dilution of soil with water after tumbling for one hour at 25 "C.
Statistical analyses
The program SYSTAT@ Version 5.2 (SYSTAT Inc., Evanston, IL, USA) was used for all statistical analyses. Values for exchangeable cations, CEC, pH, electrical conductivity and total P, S, C and N were determined from composites of the three replicate soil samples from each sampling site. Other variables had replicated measurements at each site. The mean of these replicate values was used as a single value for each site after testing that replicates were not significantly different. Hence single values which were representative of each site were used in comparisons among all biological and non-biological variables. In view of the slight errors in the location of sites over time this was considered appropriate.
Relationships among soils at the 35 sites were examined by multidimensional scaling (MDS) in three dimensions with Guttman scaling of Euclidean distances using 22 chemical and physical properties of the soil as cases. The data was standardised before calculation of Euclidean distances by subtracting the mean from each case and dividing by the standard deviation.
For each biological and non-biological variable one way analysis of variance (ANOVA) and unplanned comparisons were made among three groups of sites identified in the MDS analysis. Before analysis of variance the data was screened for normality and transformed if appropriate. Bartlett's X 2 test was used to test for homogeneity of variance among groups before analysis of variance. Scheffr's test was used for pairwise comparison of group means. If normality and homogeneity of variance could not be achieved by transformation then group means were compared using the Mann-Whitney U test after first testing for significance among all three means with the Kruskal-Wallis test. Variables used in correlation analysis were transformed for normality if necessary.
Results
Early in each season most of fields 18, 19 and 20 and approximately the central one third of field 17 (Fig. 1) had stunted cotton. Stunting did not occur in field 16. Stunting was immediately obvious by casual observation ( Fig. 2a and b) . The uniform nature of stunting at most sites gave rows an even appearance ( Fig. 2a and  b ). Symptoms consistent with zinc deficiency (Hodges, 1992) were observed in stunted plants in the 1990 season (Fig. 2c) . During the detailed study of the growth disorder in the 1991 and 1993 seasons these symptoms were not observed. Root browning was prominent in roots of stunted plants ( Fig. 2d and e) . Light microscopy (400 x) showed that browning was not particularly associated with root necrosis. Early in the season, a few sites in fields 18 and 20 supported larger cotton plants than the rest (Fig. 3a) . Some sites had stunted cotton early in the season but their boll yield equalled or surpassed the boll yield of sites that had good early season growth ( Fig. 3a and b) . At other sites boll production was relatively low, in accord with early season stunting. The MDS analysis of soil properties was examined in the light of this differential pattern of stunting and boll production. In the MDS analysis of sites three groups, designated as 'A', 'B' and 'C', were discernible (Fig. 4) . Although group A was disjunct (Fig. 4) all its sites had a common pattern of stunted early season growth and reduced yield (Fig. 3) . Smaller groups were not differentiated because early season growth and yield were considered to be the most important aspects of the growth disorder. Cotton growing at group C sites was not stunted early in the season and had a relatively good yield at most sites. With a few exceptions, Group B sites had early season stunting and a recovery of yield to levels similar to, or greater than, the yield of group C sites (Fig. 3) .
As indicated by the MDS analysis, the properties of group A and C soils were the most polarised with group B lying between, but closer to group A (Table 1) . Levels of P, Zn and Mn were notably higher in group A soils than in the lighter textured soils of group C. This polarisation was matched by soil colour (Fig. 2) . In groups A and B CaCO3 was not detected at most sites, whereas most sites in group C had an estimated CaCO3 content of approximately 1%. The three soil groups could be ranked approximately by distance from Galathera Creek as C > B > A (Fig. 1) .
The growth, nutrition and mycorrhizal colonisation of cotton early in the 1991 season matched the polarity shown by soil groups A and C. Cotton in group C soil performed better than in group A soil with cotton in group B soil lying between ( Table 2 ). Development of arbuscular mycorrhizal colonisation of cotton at group A and B sites was slower than at group C sites but increased to the same level. Root browning developed rapidly in cotton in group A and B soils and was consistently lower in group C cotton ( Table 2 ).
The observations made in the 1993 season were more comprehensive than in the 1991 season and demonstrated the perennial nature of the growth disorder. When biological parameters from the 1993 season were compared, groups A and C were again the most polarised (Table 3 ). The greater growth of group B cotton at 63 days after sowing (DAS), following initial parity with group A, foreshadowed the recovery of (Table 3) . Root browning was scored on the basis of presence or absence. Although not quantified, it was obvious during assessments that the intensity of browning of roots in groups A and B was greater than in group C. The magnitude of arbuscular mycorrhizal colonisation in the 1993 season was initially lower than in the 1991 season but the distinctions between the three soil groups were similar between seasons (Tables 2  and 3 ). Arbuscular colonisation of cotton in group A and B soils was again initially slower than, but later approaching, that of group C soil (Table 3 ). The only nutrients in leaves of cotton that showed significant differences among the groups were P, S and Mn (Table 3) . Manganese was the only nutrient in leaves that distinguished cotton in group B soil from group A. The differences in shoot Mn concentration between the three groups were much greater in the 1993 season (Table 3 ) than in the 1991 season (Table 2 ). This may reflect the fact that in the 1991 season tissue analysis was of whole shoots at an earlier stage of growth.
Chlamydospores of T. basicola were absent and the sporangia of unidentified Chytridiomycete fungi were almost absent in plants taken from field 18 in the 1993 season. Hence the data from field 18 for these two pathogens were removed from the analysis. In field 20 group C cotton had significantly higher levels of colonisation by these pathogens than groups A and B (Table 3) . During assessment of roots for fungal colonisation no septate hyphae or fruiting structures of any other fungi were observed.
The incidence of stems showing symptoms of infection by V. dahliae at 168 DAS was much lower in group A plants than in groups B and C and matched the pattern of boll dry matter production, In the 1993 season some seedling loss was observed in the south west corner of field 20 (Fig. 1) but not quantified. The characteristic brown to black lesions of the hypocotyl caused by seedling pathogens (Allen, 1990; Ogle et al., 1993) were infrequent elsewhere in fields 18 and 20 and had no particularly obvious association with stunted plants.
The repetitive patterns of differences among the three groups of sites (Tables 2 and 3) suggests that the biological and non-biological factors associated with stunted cotton would also correlate well with each other. This was the case. Multicolinearity occurred among many of the biological and non-biological variables when data was compared without grouping (Table 4) . Shoot dry matter was correlated negatively with root browning, soil P, Mn and water holding capacity. Conversely, shoot growth was correlated positively with arbuscular mycorrhizal colonisation, soil particle size and pH. Shoot growth was not correlated significant- Boll dry mass (g m-l )
Root browning (%) ly with boll dry matter (Table 4 ) and this reflects the recovery of yield by group B cotton following early season stunting. There was a strong positive correlation between boll production and the incidence of V. dahliae (Table 4) . Soil M n and root browning were both strongly correlated with many of the other biological and non-biological variables associated with the disorder.
Discussion
Arrangement of the sample sites into three groups, according to physical and chemical characteristics of the soil, closely approximated the growth and yield parameters observed in the cotton crop. This grouping of sites was not perfect because a further division within group A was discernible and a few sites in group B did not show the yield recovery of other m e m b e r s of the group. Nevertheless, the three groups provided a convenient classification of sites that was related to the characteristics of the soil and fitted the patterns in cotton stunting and yield. The closeness of group A sites to Galathera Creek suggests that alluvial processes may have influenced the occurrence of soil properties within fields 18 and 20, Since the distribution of group A soil about the creek was not symmetrical, and cotton close to the creek in fields 16 and 17 was not particularly stunted, the present location of the creek has little predictive value for the growth disorder outside fields 18 and 20. The availability of P and Zn to cotton is reduced as pH exceeds 8.0 (Hodges, 1992) . Hence the lower levels of pH found in group A and B soils should be more favourable to cotton nutrition than that of group C soils (Hodges, 1992) . This assertion was substantiated by the negative relationships between pH and levels of soil P, Zn, Mn, K and Mg (Table 4) . Thus pH of the soil was not a cause of stunting as far as its influence on nutrient availability was concerned.
The nutrient status of plants in the 1993 season did not suggest deficiency problems (Hodges, 1992) . The mean concentrations of K were at the bottom end of the adequate range (Hodges, 1992) . Since shoot growth was correlated negatively with the level of exchangeable K in the soil (Table 4) it is unlikely that K deficiency was causing stunting. The deficiency of Zn observed in severely stunted cotton prior to the detailed part of this study appears to have been a symptom of the growth disorder, not its primary cause. This argument is supported by the fact that trial applications of N, P and Zn to areas with stunted cotton resulted in marginal or no increases in yield (G A Constable, pers. commun.).
During the 1991 and 1993 seasons the stunting of cotton was not as severe as it had been previously. Stunted cotton appeared just as green as healthier cotton ( Fig. 2a and b) . This partial improvement may or may not reflect the efforts of the commercial grower to remediate the problem. Other influences, such as climatic conditions, could be responsible for the improvement. Attempted remediation measures by the grower included application of Zn fertilisers, retention of permanent beds since the 1990 season and use of the legume lablab (L. purpureus) as a green manure crop.
Lablab is mycorrhizal (Mahdi and Atabani, 1992) and should maintain the population of arbuscular fungi in the soil. Roots of lablab collected on 11 November 1991 from field 19 where cotton growth is normally stunted were well colonised by arbuscular mycorrhizal fungi (55% arbuscular root length). In the 1992 season lablab was grown in fields 18 and 20 and showed no obvious stunting. Thus in both the 1991 and 1993 seasons cotton was stunted without following a fallow or rotation with a nonmycorrhizal crop. The perennial and localised occurrence of stunting indicated that the disorder was not related to long fallows. In each field, specific areas have consistently been more severely affected although cultural practices have been applied equally. The fact that cotton at group C sites in field 20 was at the downstream end of furrows shows that water quality was not relevant to the occurrence of stunting.
The negative correlation between soil Mn and shoot growth (Table 4 ) and the higher manganese content in cotton leaves in groups A and B suggests the possibility of Mn toxicity. However, Mn toxicity is reported to occur in acid soils (Hodges, 1992) whereas soils in this study were alkaline. All values for Mn content in leaves were within the range of 25 to 350 mg kg -I cited as adequate by Hodges (1992) . Foy et al. (1969) found that in 58 day old cotton, growth was not reduced until the concentration of Mn in whole shoots exceeded 2000 mg kg -J . Therefore, Mn toxicity was not the cause of cotton stunting. Nevertheless, DTPA extractable Mn in the soil was a good predictor for biological and nonbiological factors associated with the growth disorder (Table 4) .
All the soils examined in fields 18 and 20 were non sodic (Loveday and Bridge, 1983) . However, the higher ESP and lower CaCO3 of group A and B soils indicates that they are more prone to slaking than group C soils (Emerson, 1983) . A tendency for slaking combined with finer texture and higher water holding capacity suggests that group A and B soils might be more disposed to waterlogging than group C soils. General chlorosis of cotton, as in waterlogged conditions (Hodgson, 1982) , was not observed in this study. Stunting occurred in the first half of the season when there were few irrigations and no prolonged heavy rains. The roots of cotton would not have encountered critically low levels of air filled porosity in the top 20 cm of beds (McGarry and Chan, 1984) . Despite this, stunting occurred in young seedlings when roots were near the surface of the raised soil beds. Likewise, stunting of seedlings was evident before their roots would have encountered problems with soil compaction beneath the beds. There is no doubt that the severity of stunting was closely allied to soil texture. However, the effects appear to be more subtle than those previously reported for waterlogging and soil compaction.
Elevated levels of P in agricultural soils can reduce mycorrhizal colonisation (Johnson and Pfleger, 1992) . Hence the low levels of arbuscular colonisation may have reflected reduced mycorrhizal dependency of cotton in the high phosphate soils of groups A and B. This argument applies well to the early part of the season but not to the mid-season when arbuscular colonisation in the stunted cotton equalled that of the larger cotton (Table 2) . Alternatively, reduced capacity of stunted cotton to supply carbohydrate may have reduced arbuscule development (Pearson et al., 1991) .
The negative relationship between growth and yield of cotton and colonisation by T. basicola, V. dahliae and Chytridiomycetes suggests that group A soil could be suppressive to fungal pathogens. Other fungal pathogens may well have been present but not detected by the methods used for assessment, although they were looked for. The lack of necrosis in roots of stunted cotton showed that necrotrophic pathogens were not associated with stunted cotton.
Root browning was a symptom of the stunted cotton and was correlated with biological and nonbiological factors associated with the growth disorder. Root browning has been reported in growth disorders of several crops caused by deleterious rhizobacteria (AlstrSm, 1987; ,~str~Sm and Gerhardson, 1989; Isakiet et al., 1992; Olsson and Gerhardson, 1992; Suslow and Schroth, 1982) . Root browning has been reported as a resistance reaction by non-mycorrhizal plants to arbuscular mycorrhizal fungi (Allen et ai., 1989; ParraGarcia et al., 1992) . The browning of cotton roots in this study may have had a similar inhibitory effect on arbuscular mycorrhizal fungi. The possibility that deleterious rhizobacteria caused reduced mycorrhizal colonisation , root browning and stunted growth of cotton warrants investigation.
In conclusion, the three groups of sites, identified by physical and chemical properties of the soil, were well matched to patterns of early season stunting and yield, but presented a paradox. The greatest stunting occurred in soils with the highest levels of P, Zn, Mn and K and putatively more favourable pH. None of the observed associations between stunting and biological and non-biological factors can prove causal relationships. However, waterlogging, compaction, sodicity, Mn toxicity and nutrient deficiencies appear unlikely to be causal. Some known fungal pathogens of cotton were not associated with stunting and reduced yield, although other fungal pathogens may have been present. The association between root browning and stunting suggests that pathogenic bacteria may play a causal role in the disorder but this would need to be proven by experimentation. Similarly, experimentation is required to show whether the slow development of arbuscular mycorrhizal colonisation of stunted cotton was a cause of reduced cotton growth or a symptom of it. This study showed that the growth disorder involved an interaction between cotton and the soil flora which was associated with heavy soil texture.
